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Introduction 
From an economic point of view, microalgae may be described as microorganisms with 
the ability to “harvest the sun” and hence transform its radiant energy into valuable 
products, at the expense of (theoretically) inexpensive natural resources (viz., CO2 and 
H2O). The idea of producing microalgae at the technical scale first occurred to German 
scientists, in concerted attempts to devise inexpensive sources of protein able to 
replace those from animal sources, which were difficult to obtain during World War II. 
In the U.S., research on mass culture of microalgae began as a collateral development 
of fundamental studies on photosynthesis; in attempts to translate the biological 
requirements of microalga culture into engineering specifications, a large-scale culture 
plant was made at Stanford Research Institute, back in 1948. During 1951, Arthur D. 
Little, Inc. (Cambridge, MA) made further advances through construction and operation 
of a Chlorella pilot plant for the Carnegie Institution.  
Other studies followed in Japan, under the guidance of Tamiya. Although experimental 
results showed that continuous culture was possible, many subjects still needed 
improvement, as microalga proteins could not compete with such inexpensive plant 
sources as soybean meal. Other developments were achieved by Oswald, who started 
studying the role of microalga photosynthesis in ponds and accordingly developed a 
high-rate algal pond for photosynthetic wastewater treatment. In the 1960s, 
Nichoporovich and Semenenko intensively studied closed culture systems, for 
extraterrestrial life support during prolonged missions in outer space; this subject also 
received considerable attention by NASA. 
The advent of the oil crisis in the 1970s led researchers to investigate microalgae as 
potential sources of biomass, aiming at methane production; more recently, advances 
have focused on the production of fine chemicals and secondary metabolites, which 
may reach high prices in the world market. The evolution in goals throughout time has 
therefore been driven by two major streamlines: (i) requirement for alternative sources 
of several products, which were scarce as a result of political or economic reasons; and 
(ii) perception that microalga- mediated processes (as happens with most 
biotechnological ones) are usually characterized by noncompetitive production costs, 
the economic feasibility of which relies heavily on the market value of the resulting 
compounds. As expected, the nature of these compounds has evolved with time, in 
response to changing market demands.  
A broad list of applications of microalgae cultures has been described and discussed in 
the literature. Those that have attained commercial expression encompass the areas of 
healthy foods, food additives, pigments, diets for aquaculture, growth-regulating 
agents, secondary metabolites and wastewater treatments, that we can see in the 
following table: 
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microorganism metabolite commercial use culturing system location 
Chlorella spp. 
astaxanthin pigmenting agent circular ponds with 
rotating arm 
Taiwan, Japan, 
U.S., Thailand ferredoxin  laboratory use raceway ponds 
fermenters 
(heterotrophic) 
Dunaliella salina  Β-carotene pigmenting agent extensive open 
ponds raceway 
ponds 
Australia, China, 
India, Chile, 
U.S., Israel 
Euglena gracilis  arachidonic acid  laboratory use  
U.S 
 
Haematococcus 
pluVialis  
astaxanthin  pigmenting agent  
Isochrysis 
galbana  
docosahexaenoic 
acid 
functional food 
additive 
 
Phaeodactylum 
tricornutum  
eicosapentaenoic 
acid  
medical use  
Spirulina 
platensis  
phycocyanin  food coloring  
Crypthecodinium 
cohnii  
docosahexaenoic 
acid 
functional food 
additive 
fermenters 
(heterotrophic) 
U.S. 
fermenters 
(heterotrophic) U.S. 
Table 1. Generic Description of Commercial Microalgal Culture Systems Currently in Use 
The production of several bioactive compounds such as hydrocarbons, isotopes, 
polysaccharides, and antifungal, antitumor, antibacterial and antiviral substances is 
currently under study; uses of microalgae for CO2 fixation, removal of nitric oxide from 
flue gas, fuel production, recovery of heavy metals from effluents and in outer space 
technologies are also in order. Nevertheless, despite such enormous potential, the 
number of applications that has reached the industrial scale is comparatively rather 
limited. 
From the pioneer commercial large-scale cultures of microalgae in the 1960s in Japan 
using Chlorella, only a few more species have been employed industrially ever since, 
which include Spirulina sp. and Scenedesmus sp. for healthy food and phycocyanin 
synthesis (a blue colorant in food and cosmetics), Haematococcus pluVialis for 
production of astaxanthin (a food colorant), and Dunaliella salina for the manufacture of 
β-carotene (a vitamin A substitute and food colorant). In addition, Crypthecodinium 
cohnii and Schizochytrium sp. are also commercially used for production of 
5 
 
polyunsaturated fatty acids (e.g., docosahexaenoic acid), although following a 
fermentative process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
6 
 
 
 
 
CHAPTER I: 
Photobioreactors for 
massive culturing of 
microalgae 
 
 
 
 
 
 
 
 
 
 
 
7 
 
1. Reactor design 
The main parameter that affects reactor design is provision for light penetration, which 
implies a high surface-to-volume ratio; such penetration is crucial if one wants to 
improve the photosynthetic efficiency, which is in turn a sine qua non condition to reach 
high product and biomass productivities. In order to achieve said high surface-to-
volume ratio, several shapes have been developed that met with success. These 
shapes can be grouped in three basic types, viz., tubular, flat plate and fermenter-type; 
the former two are specifically designed for efficient harvest of sunlight, whereas the 
latter requires artificial illumination. 
Tubular and flat plate reactors are undoubtedly the most popular choices, considering 
that the light source required is free and readily available. Those reactor types are 
based on the same principle, viz., to guarantee the highest possible areato- volume 
ratio while ensuring reasonable working volume, mixing pattern and carbon dioxide 
level. Both reactor configurations may work with a separate unit for gas transfer, and 
several layouts have been already tested with success. Such systems comprise: a 
light-harvesting unit, which employs small diameter tubing so as to provide a high area-
to-volume ratio that favors high photosynthetic activity, and a gas exchange unit, in 
which CO2 is supplied and biomass harvesting is processed. 
The culture is circulated between those two units by a pump, which needs to be 
carefully designed and operated in order to prevent shear forces from disrupting cell 
integrity. 
Several reactor designs and corresponding productivities are tabulated in Table 2. 
 
reactor type light 
harvesting 
efficiency 
degree of 
control 
land area 
required 
scale-up  productivity (g L-1 d-
1); species 
vertical 
tubular  
medium medium medium possible  0.5; P. cruentum 
horizontal 
tubular  
good medium  poor possible  0.25; S. platensis  
0.7; Nannochloropsis 
sp. 
helical  medium good excellent easy  0.4; S. platensis 
α -shaped excellent  good poor  very difficult  
flat-plate  excellent medium  good possible  0.85; Nannochloropsis 
sp. 
2.15; S. platensis 
fermenter 
type  
poor excellent excellent  difficult  0.03-0.05; several 
Table 2. Main Design Features of Closed Photobioreactors 
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1.1 Tubular Reactors 
 
Most configurations of tubular reactors (TR) are one of the following three types: (i) 
simple airlift and bubble column, which is composed of vertical tubing 
(in the form of a vertical tubular reactor) that is transparent so as to allow for light 
penetration and where CO2 is supplied via bubbling; (ii) horizontal tubular reactor, 
which is composed of horizontal transparent tubing, usually bearing gas transfer 
systems attached to the connections; and (iii) helical tubular reactor, which is 
composed of a flexible plastic tube coiled in a circular framework. Another such reactor 
that deserves particular attention is the R-shape tubular reactor, initially conceived by 
Lee (28), because of its unique engineering design that is characterized by a 
unidirectional, high liquid flow rate, concomitant with a low air flow and an excellent 
angle relative to sunlight. 
 
 
1.1.1 Vertical Tubular Reactors 
 
The airlift and bubble column reactors are examples of vertical tubular reactors (VTR), 
regularly composed of polyethylene or glass tubes (Figure 1), which are sufficiently 
transparent to allow good light penetration but are manufactured with sufficiently 
common materials so as to be nonexpensive. Air is bubbled at the bottom-a strategy 
that provides good overall mixing, sufficient supply of CO2, and efficient removal of O2. 
 
 
 
Figure 1. Schematic representation of airlift (A) and bubble column 
(B) reactors 
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1.1.2 Horizontal Tubular Reactors 
 
Horizontal tubular reactors (HTR) have been on the rise; gas transfer takes place in the 
tube connection or via a dedicated gas-exchange unit, and the angle toward sunlight is 
particularly adequate for efficient light harvesting. Such systems can handle large 
working volumes, because they are not susceptible to contamination. On the other 
hand, they may generate considerable amounts of heat, which may attain temperature 
amplitudes of 20 °C within a single day if (costly) temperature control systems are not 
provided; thus, it will likely pose a problem for regular operation. 
 
 
 
Figure 2. Schematic representation of horizontal tubular reactor with a degassing unit and a 
light harvesting unit, composed of parallel sets of 
tubes (A) or a loop tube (B) 
 
1.1.3 Helical Tubular Reactors 
 
Helical tubular reactors (HeTR) are a suitable alternative to straight TR. The most 
frequently used layout is the Biocoil, initially proposed by Robinson and currently 
traded by Biotechna (Melbourne, Australia). This reactor is composed of a set of 
polyethylene tubes (3.0 cm of inner diameter) coiled in an open circular framework, 
coupled with a gas exchange tower and a heat exchange system; a centrifugal pump 
drives the culture broth through the long tube to the gas exchange tower. 
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Figure 3. Schematic representation of helical tubular reactors: Biocoil 
 
 
1.1.4 α-Shaped Reactor 
.  
Lee described a 300-L α-shaped tubular reactor, with sets of 2.5 cm x 25 m transparent 
tubes made of PVC; it used an airlift pump to promote an ascending/descending 
trajectory, with several CO2 injection points along its path (see Figure 4). This 
configuration presents several advantages from the engineering point of view. For 
example, the fluid is pumped in a single direction (except in the airlift tubes), so a high 
flow rate is possible at the expense of relatively low air supply rates in the rising tubes. 
The ascending and descending trajectories are placed at a 45° angle toward sunlight, 
so light harvesting is rather efficient. 
 
 
Figure 4. Schematic representation of α-shaped reactor. 
 
 
1.2  Flat Plate Reactors  
 
Flat plate reactors (FPR) are conceptually designed to make efficient use of sunlight; 
hence, narrow panels are usually built so as to attain high area-to volume ratios (see 
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Figure 5A). The main difference was the absence of a gas transfer unit and instead 
bubbling of compressed air at the bottom, through a perforated plastic tube. 
A closed system of water spraying was employed to control temperature; the sprayed 
water was then collected in troughs and recirculated through a ventilated water column 
for refrigeration. 
 
A different FPR was reported by Iqbal, who described a V-shaped apparatus 
characterized by unusually interesting engineering features, viz., very high mixing rate 
and very low shear stress (see Figure 5B); scale-up of its reduced capacity (2L) is, 
however, still to be done. 
Introduction of alveolar panels (see Figure 5C), made of PVC, polycarbonate or 
polymethyl methacrylate, for microalgae cultivation has meanwhile emerged as a 
successful concept, because of their high versatility and commercial availability. 
Several systems using that type of panels have been built and duly tested. 
 
In general, the main advantages of FPR are their high productivity and uniform 
distribution of light and, in the specific case of bubbled column FPR, the absence of a 
driving pump. 
Furthermore, these reactors can be oriented toward the sun, hence permitting a better 
efficiency in terms of energy absorbed from incident sunlight. 
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Figure 5. Schematic representation of flat panel reactors: flat panel 
bubbled in the bottom (A), V-shaped panel (B) and alveolar panel (C). 
 
 
1.3 Fermenter-Type Reactors 
 
The least expanded systems for microalgae cultivation are conventional fermenter-type 
reactors (FTR) (see Figure 6). These equipments present indeed an intrinsic 
disadvantage: the area-to-volume ratio is quite low, so sunlight harvesting efficiency is 
poor. 
 
To overcome this nuclear drawback, sophisticated systems of internal illumination were 
developed, which are able to provide a more homogeneous distribution of light. When 
possible, microalgae may be heterotrophically cultivated in FTR, using appropriate 
organic carbon sources. 
A 250-L FTR was built by Pohl with stainless steel and illuminated internally by 
fluorescent lamps placed inside narrow glass (or Plexiglas) tubes; CO2-enriched air 
was bubbled at the bottom, through a V-shaped (i.e., low shear stress) stirrer. Such a 
system was operated batch-, semicontinuous- and continuous-wise. 
 
 
Figure 6. Schematic representation of fermenter-type bioreactor 
 
 
 
2. Processing Parameters 
 
Effective supply of light and carbon dioxide to the whole cell culture, as well as other 
physical and nutritional requirements, demands uniform dispersion of microalgae in a 
no limiting nutrient culture medium. 
Since adequate mixing levels in many reactor configurations are often obtained via 
injection of gas into the system, mixing and gas transfer are thus closely related to 
each other. 
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2.1 Gaseous Transfer 
 
2.1.1 Carbon Source. 
 
Because nearly 50% of the whole microalgae biomass is made up of carbon, this 
element is a major nutrient for cell growth. When grown photo-litotrophycally, all 
microalgae use inorganic carbon sources to synthesize organic compounds. In 
aqueous environments, inorganic carbon may exist in several alternative chemical 
forms, CO2 (aq), H2CO3, HCO3- and CO32-, which are interconvertible via reactions 
controlled by temperature and pH.  
 
The possibility that microalgae use carbon in CO2 form only or that they also take up 
the HCO3- and CO32- forms is not a critical issue, because reactions that interconvert 
CO2, H2CO3, HCO3- and CO32- in soluble form are sufficiently fast not to be limiting 
steps in CO2 demand by cells. 
 
Detailed studies on the influence of the carbon source upon microalgae productivity 
have indicated that, although HCO3- is easily absorbed by cells, it is a poor source of 
carbon when compared with CO2. In fact, it is possible to achieve a linear response in 
microalgae carbon biomass with mass input of carbon (which corresponds to an 
efficiency of virtually 100%) only if limited inputs of inorganic carbon and narrow pH 
ranges are permitted. 
 
2.1.2 Transport Process 
 
 
When CO2 is injected at a given point in a culture, a concentration gradient builds up as 
it is consumed by cells and/or lost to the atmosphere. According to the two-film theory, 
mass transfer of CO2 from the gas phase to the cell phase occurs through sequential 
stages: transport from the bulk of the gas to the thin gaseous film at the immediate 
vicinity of the interface; diffusion through this gas film; transport across the gas/liquid 
interface; diffusion through the adjacent liquid film; transport from the thin liquid film to 
the bulk of the liquid; transport from the bulk of the liquid to the thin liquid film at the 
immediate vicinity of the cell wall; diffusion through the outer cell liquid film; and finally, 
metabolic uptake by the cell. The overall resistance over the entire path distance can 
be calculated by adding up the aforementioned single resistances, as they occur in 
series; however, most of the resistance actually lies on the liquid film. In an efficiently 
stirred bioreactor, concentration gradients within the bulk liquid are marginal, so (even 
in the presence of dense microalgae cultures) resistance within the gas bubbles is 
larger than at the boundary layer of cells. Consequently, resistance raised by the liquid 
film adjacent to the interface essentially limits the rate of CO2 transfer. In fact, 
comparative studies encompassing overall mass-transfer resistances and gas/liquid 
mass-transfer resistance revealed their similarity in order of magnitude, thus confirming 
that CO2 transport is mainly controlled by resistance offered by the liquid film. 
 
The rate of CO2 uptake by cells eventually determines the rate at which it will be 
transferred to the medium, if steadystate conditions prevail. The rate of mass transfer 
is, in general, proportional to the driving force for said transfer (expressed in terms of a 
concentration difference involving one actual bulk concentration of one phase and an 
equivalent bulk concentration of the other phase) and the area available for transfer. 
The proportionally coefficient is the sum of the reciprocals of all resistances to transfer 
and is usually denoted as an overall mass transfer coefficient. In the present case, 
since liquid-phase mass transfer resistance dominates overall resistance, the rate of 
mass transfer of CO2 (NCO2) is approximately given by: 
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NCO2  = kLa(CCO2L* - CCO2L)                                      (1) 
 
where kL is the liquid-phase mass transfer coefficient, a is the specific area available for 
mass transfer, CCO2L* is the concentration of CO2 in the culture medium that would 
equilibrate its actual partial pressure on the gas side, and CCO2L is the concentration of 
CO2 in the bulk of culture medium. 
 
The lumped parameter kLa characterizes the CO2 mass transfer capability of the 
reactor and thus determines whether a certain reactor will be able to sustain a given 
rate of cell growth. 
 
Regarding transfer of CO2, said parameter is of the utmost importance in design, scale-
up and operation steps for a biomass culture system. Some properties of the bubbles 
affect mainly kL, whereas others affect mainly a. Furthermore, the amount of 
metabolites present in the medium depends on cell concentration, which will also affect 
kLa since, in general, metabolites modify the surface tension of the medium and thus 
act as an extra barrier to mass transfer. 
 
 
2.1.3 CO2 Transfer Systems  
 
In algal mass culture systems, it is important to obtain a reliable prediction of CO2 
transfer rates for accurate design, scale-up and operation. The occurrence of chemical 
reactions between CO2 and OH-, H2O and NH3 in the liquid phase may lead to 
enhanced rates of CO2 absorption by the culture medium; therefore, the CO2 exchange 
flux from the gaseous to liquid phase is governed not only by diffusion kinetics, but also 
(depending on the relative magnitude of the reaction rates observed) by kinetics of the 
reactions in the liquid film at the vicinity of the interface. 
 
The critical concentration of CO2 necessary for optimal growth of a particular microalga 
cannot be stated in general, as it strongly depends on the delivery system implemented 
in the culture vessel. Since transfer of CO2 occurs through the interface between the 
gaseous mixture and the liquid medium culture, two main processes to increase such 
an interface area can be devised: (i) passive mode, where extensive gas/culture 
interface areas are used and gas diffuses into the culture; and (ii) active mode, where 
use of an extra apparatus for aeration either by injecting the gas into the medium or 
spraying the medium into the gas forces expansion of the contact area between gas 
and culture (see Table 3): 
  feature 
process   type of 
reactor  
alga  gas 
transfer 
mixing hydrody
namic 
stress 
scale-up 
 Passive mode 
Surface 
aeration 
 unstirred 
shallow 
ponds 
D. salina poor Very poor Very low difficult 
membrane 
transfer 
 hollow-fiber 
membrane 
Nannochloropsis 
sp. 
excellent Uniform 
(Depends 
on mixing 
device) 
medium medium 
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Table 3. Generic Description of Methods for Gas Transfer in Photobioreactors 
 
 
Regarding passive mode, large interface areas between the gas and the culture 
medium can be obtained by: either (i) using large open-air ponds, where gas 
exchanges occur by surface driven aeration (see Figure 7A) or (ii) via membranes, 
through which gas diffuses into the culture. 
 
An alternative possibility relies on the potential of microporous hollow-fiber membranes, 
i.e., bundles of polymeric porous fibers, potted to inlet/outlet ports in their ends and 
contained in adequate housings (see Figure 7B), which may also function as gas 
exchangers in the setup or as the whole reactor itself. 
 
According to Fick’s law, mass transfer flux increases with trans membrane pressure 
and recirculation flow rate. 
In regard to active mode, two main transfer processes are usually considered: (i) gas 
mixture is circulated together with culture, either injected at a certain point of the 
system or (ii) gas is inserted into the culture when it passes through a gas exchanger 
(see Table 3). 
 
Bubbling of CO2-enriched air at the bottom of the reactor is the most frequent mode of 
operation; it is usually performed via sintered porous stones or pipes where tiny holes 
were previously drilled, although gas can also be bubbled from the perforated blades of 
a stirrer (see Figure 7C-E). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Active mode 
Gas 
injection 
into culture 
At bottom of 
reactor 
Air-lift 
Bubble 
column 
Stirred-tank 
P. tricornutum  
P. tricornutum  
filamentous 
high 
fair 
high/low 
uniform 
fair 
uniform 
low 
low 
high 
medium 
medium 
difficult 
 At given 
point of 
reactor 
Flat-plate 
tubular 
Spirulina 
Spirulina 
fair 
high/fair 
uniform 
uniform 
low/high 
low/high 
difficult 
difficult 
Gas 
exchanger 
 Tubular solar 
receptor 
P. cruentum good  good (by 
pumping) 
medium  difficult 
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Figure 7. Schematic representation of major methods of gas exchange in microalgae reactors: 
surface driven aeration (A), microporous hollowfiber membranes (B), airlift loop (C), bubble 
column (D), stirrer blade bubbling (E), and gas exchanger system (F). 
 
2.1.4 O2 Removal 
 
As stressed above, light intensity is regarded as an essential issue to be addressed in 
microalga systems; however, it is not the only potentially limiting factor in 
photosynthesis, which is chemically described by: 
 
energy + CO2 + H2O ↔ sugar + O2                                    (2) 
 
In fact, if oxygen build-up occurs (i.e., when the concentration of dissolved oxygen in 
the culture is above its counterpart in equilibrium with its partial pressure in the 
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atmosphere), the aforementioned reversible reaction is shifted to the left, thus 
decreasing photosynthetic efficiency; in general, oxygen concentrations above air 
saturation inhibit photosynthesis in microalgae. 
 
Besides, accumulation of O2 in the liquid culture medium is one of the most difficult 
problems to overcome, because it may become toxic above a certain threshold; 
dissolved oxygen concentrations above 35 mg/L, which are toxic to most microalgae, 
were reached in outdoor cultures of Spirulina. 
 
 
2.2 Mixing 
 
After fulfillment of nutritional growth requirements and assurance that environmental 
factors are non-limiting, mixing becomes a critical parameter. In reactor configurations 
that consist of more than one vessel (e.g., a carbonation tower for gas exchange, 
coupled to one or several tubes for light supply), adequate mixing is particularly 
required in order to recirculate the culture between vessels. Even in the case of single 
vessel reactors, efficient mixing should be provided in order to produce a uniform 
dispersion of microalgae within the culture medium, thus eliminating gradients of light, 
nutrient concentration (including CO2) and temperature; note that thermal amplitudes of 
up to 8 °C have been recorded between the top and bottom of unmixed cultures, 
leading to irreversible damage. 
 
Finally, the effect of “mutual shading”, i.e., continuous cell movement from and to 
dark/light zones, has been claimed to be essential to guarantee high biomass 
productivity. In a dense culture, the region where microalgae receive enough light for 
photosynthesis can be quite shallow (2-5 cm), so vigorous mixing is necessary to 
provide cells with a uniform average exposure to light. 
 
Current mixing techniques are often insufficient to attain the aforementioned 
requirements, because the induced turbulence is random, i.e., not all algal cells are 
submitted to a uniform pattern of movement into and out of the illuminated area of the 
reactor. Furthermore, mixing should be supplied to proper extents, because very low 
values promote settling and hence emergence of dead zones (especially toward the 
bottom of the reactor) where anaerobic conditions prevail, thus leading to cell 
deterioration and consequent decrease of productivity; in the limit, toxic compounds will 
form that might compromise viability of the whole culture. Inadequate mixing also 
permits clumping of cells into aggregates of varying sizes, hence leading to 
development of a three-phase system (gas/liquid/solid) inside the reactor, which is 
prone to decreasing mass transfer rates. 
 
On the other hand, high mixing rates may lead to shearinduced injury of cells, which 
hamper their viability. The most important mechanism of cell damage in sparged 
cultures agitated at low intensities is bubble break-up at the liquid-gas interface (i.e., 
microalgae cells are captured by the rising gas bubbles and carried to the surface, 
where they die as bubbles collapse). At higher agitation intensities, cell damage 
caused by fluid-mechanical stress acquires a greater significance as the specific 
aeration rate decreases. 
The major mixing/recirculation systems commercially used are described in Table 4. 
They can be tentatively divided in pumping (used when more than one vessel is 
present), mechanical stirring (usually present when only one vessel is used) and gas 
mixing (which takes advantage of a gas, usually CO2- enriched air, injected in the 
culture to promote turbulent mixing and recirculation through the various vessels).  
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Combinations of these systems are also possible. Former recirculation systems used 
exclusively pumps, either centrifugal, positive displacement, peristaltic or diaphragm 
ones. 
 
   feature 
process  type of 
reactor 
microalga mixing 
efficien
cy 
gas 
transfer 
hydrodyna
mic stress  
scale-
up 
Pumping mode 
centrifugal  system 
with 
more 
than one 
unit 
     
rotary 
positive 
displaceme
nt .  
diaphragm 
lobe 
C.reinhardtii 
S.platensis 
fair low medium easy 
Mechanical Stirring Mode 
stirring with 
two or more 
blades  
cylindrica
l tank  
filamentous  uniform  fair/high  high medium 
injection of 
gas into 
culture 
Air-lift 
bubbling  
I.galbana 
I.galbana 
Uniform 
fair 
High 
fair 
low 
low 
medium 
medium 
 
Table 4. Generic Description of Methods for Mixing in Photo-Bioreactors 
 
 
2.3 Light Requirement 
  
Light is the basic energy source for photo-autotrophic organisms, as microalgae are; 
hence, their light harvesting efficiency is of crucial importance for bioreactor 
engineering encompassing those microrganisms. The photosynthetically active 
radiance (PAR) is normally assumed to be ca. 43-45% in the wavelength range 400-
700 nm. The photosynthetic efficiency (PE) is defined as the fraction of available light 
that is eventually stored as chemical energy in biomass; however, there is no general 
consensus on how to calculate its actual value. Note that PE is a theoretical upper limit. 
In practice, especially in long-term cultures, PE is normally below 6.5%, and under 
optimal conditions, only 40% of the theoretical maximum yields can typically be 
reached. 
Hence, increase in PE is likely the best approach in attempts to enhance microalgae 
productivity, which is a sine qua non condition to guarantee commercial 
competitiveness of the associated bioprocess. 
In order to estimate PE for a selected species in a given reactor, one departs from 
calculation of the illuminated surface area per unit volume of the culture, Av; in the 
case of a VTR (probably the most popular reactor configuration), one has: 
 
                                                             (3) 
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where r and ro are the inner and outer radius of the tubes, respectively, provided that 
the tubes hold no gaps between them. 
 
Applying the well-studied microbial-growth energy equation, after the reasoning 
detailed by Pirt, one is led to: 
                                                                         (4) 
 
where q is the specific rate of light uptake, μ is the specific rate of growth, YG is the 
maximum growth yield on light, and m is the maintenance coefficient. The value of q 
may, in turn, be calculated via: 
 
                                                                     (5) 
where Ф is the fraction of photosynthetically available light, Io is the total incident 
irradiance, and X is the biomass concentration. 
 
Combining eqs 4 and 5 and assuming a light-limited culture with a maintenance 
coefficient virtually nil, one obtains the biomass output rate (μ · X) as: 
 
                                                 (6) 
In a reactor operated under a constant Av and a given Io, it is possible to adjust μ and X 
(eq 6) so as to achieve the maximum biomass yield (YG), which then also leads to the 
maximum PE. 
 
If a proper reactor design is sought, it is crucial to obtain the maximum biomass yield at 
the expense of the light actually available. The latter parameter depends on the reactor 
configuration and location. If one considers reactors illuminated by direct sunlight, the 
maximum Io depends on the latitude of the facility, so it can be controlled only by 
changing the reactor inclination toward sunlight. Several reactors have indeed been 
developed or tuned accordingly. On the other hand, in artificially illuminated reactors, 
the maximum Io depends on the nature, intensity and relative position of the light 
source, all of which can be accurately manipulated and controlled. 
 
Most reactors are normally designed so as to exhibit a high Av; it is thus possible to 
work at higher biomass concentration for a given yield (YG). Good examples of reactors 
designed to harvest the maximum light are the alveolar panel reactor by Tredici, and 
the tubular reactors by Grima, Richmond and Zittelli. Reactors that combine natural 
and artificial lights have also been described. In terms of artificially illuminated reactors, 
the need of small diameters to increase Av can be circumvented via provision of 
internal illumination. The higher biomass yield (YG) can be even more important in the 
case of artificially illuminated reactors, as the light provided represents a cost itself that 
adds to the overall running costs of the process. Nevertheless, such cost may be kept 
limited, as the latest few years have witnessed the development of methods for in situ 
growth monitoring-from flow injection analysis systems based on turbidimetric 
measurements to techniques based on real-time monitoring and control of biomass by 
using light transmittance sensors. 
 
The light energy available for each microalgae cell (Iav) depends on several factors, 
e.g., Io and biomass concentration. Several authors have demonstrated that increasing 
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light intensity increases growth rate, but only until a saturation point is reached. Above 
this threshold, increasing light produces no positive effect on growth rate, hence 
generating a dramatic decrease in YG, as a major fraction of light cannot be used by 
the culture. Furthermore, the light will influence not only biomass productivity, but also 
its biochemical profile. 
 
An interesting method to assess Iav on tubular reactors, based on Io and X, was 
developed by Evers (104) and later applied by Grima. This model assumes that light 
attenuation caused by mutual shading is dependent on Beer-Lambert law, which 
calculates the light available at each single point at a given distance from the surface, 
followed by integration on both the cross sectional and the outer surface areas. Use of 
this model allows one to fit Io in order to work below the saturation point, hence 
avoiding a decrease in YG and/or an adjustment of Iav for a more consistent biochemical 
profile. Sunlight and artificial illumination data are compared in Table 5. 
 
 feature 
Mode Cost  Intensity 
control 
Land area 
required 
Reactor 
design 
productivity 
Sunlight  small problematic high Must be 
designed for 
high 
surface/volum 
ratio 
Depends on 
weather and 
latitude 
Artificial 
light 
high excellent small Allows great 
flexibility 
constant 
Table 5. Generic Description of Methods for Light Supply in Photo-Bioreactors 
 
The source of artificial illumination is of crucial importance, because the wavelength 
spectrum should be specific in order to take full advantage of the total Io made 
available. As seen before, PAR lies within the wavelength range 400-700 nm, so a 
lamp with a vast spectrum and with its maximum radiation in that range is normally 
chosen. However, different lamps will generate distinct spectra; on the other hand, 
each microalgae species possesses its own absorption optimum, so each individual 
case must be studied per se. You and Barnett related a dependence of the exponential 
growth rates on the energy of radiation and spectrum of light, and concluded that blue 
light (400-500 nm) increased cell growth and polysaccharide production in P. cruentum. 
The method to evaluate the efficiency of conversion, described by Simmer, takes into 
account the photon flux (P) emitted by the lamp in the PAR wavelength, the specific 
absorption coefficient of each species and the quantum capacity, hence allowing one to 
estimate the efficiency of conversion according to: 
 
 
where ERF is the emitted radiant flux, which is a function of the wavelength, λ. 
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One of the problems for the high cost of production of microalgae biomass is 
represented by the productivity rate which is almost one order of magnitude below the 
theoretical one. There is a general consensus that light saturation effect represents one 
of the most important factors limiting the microalgae productivity. 
This work presents an analysis modeling (by Fluent) of the flow achieved in a modified 
cascade photobioreactor and discusses its basic fluid-dynamic characterization and its 
behavior in different situations of the reactor. 
3.1 Introduction 
The versatility of microalgae metabolism make them a potential source of biochemical 
products and bioenergy (e.g. hydrogen, biodiesel). Microalgae, are considered as one 
of the fast-growing photosynthetic microorganisms on Earth, hence it is expected that 
they can play an important role in CO2 storage capability, and phytodepuration. So far, 
however, due to the still too high production cost, only in few cases microalgae have 
reached a viable commercial production stage (e.g. Arthrospira, Chlorella, Dunaliella 
and, more recently, Haematococcus). One of the problems for the high cost of 
production is represented by the still relatively low productivity rate which is almost one 
order of magnitude lower than the theoretical one. Microalgae productivity outdoors is 
strongly limited by the so called “light saturation effect”. This phenomenon occurs 
because the growth of the microalgae saturates at a level of light intensity which is 
roughly 1/10 of the maximum recorded in summer days. The problem of light saturation 
may be greatly reduced if proper combinations between cell density, and mixing could 
be achieved. However, it seems difficult to reach this goal with open-ponds and 
conventional photobioreactors. The aim of this communication was to present an 
experimental analysis of the flow achieved in a modified cascade system designed by 
Setlik et al. (1970). The new design of cascade PBR features a thin film of 
concentrated microalgal suspension falling along a specially designed sloping surface. 
Several advantages over the conventional culture systems can be gained with this 
configuration: 
1) An optically thin culture with a very high cell concentration which are the most 
important requirements for a better light utilization efficiency. 
2) An efficient gas-liquid mass transfer thanks to the moving and extremely 
shallow layer thickness. 
3) A limited equipment cost. 
Moreover, in addition to say advantages the modified cascade system allows to 
improve the light-dark cycles at which cells are exposed. However, like many other 
PBR designs, culture circulation in cascades requires the use of a pumping system 
which, if not properly designed, may increase the shear stress with negative effects on 
the biomass productivity.  
A scheme of the cascade thin layer system used in this study is shown in Figure 1. The 
reactor is equipped with probes for the measure of the culture parameters such as 
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temperature and pH. CO2 addition to the culture is controlled by software designed by 
Chemitec (Italy). 
 
 
Fig. 8: Left: Waved-bottom cascade PBR, scheme showing all the equipment arrangement. 1. 
PBR waved surface. 2. Night time/rainy days culture hold-up. 3. Carbon dioxide sparger. 4. 
Circulating pump. 5. pH control loop. 6. Temperature probe. In zoomed window a side view of 
the cascade during operation. Right: Schematic representation of fluid compartments with the 
relevant velocity vectors. 
 
 
3.2 Experimental equipment 
In the following pictures it is shown the reactor which is used for the experiment 
 
 
Fig. 9: overview of the reactor 
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Fig. 10:  fluid fall 
 
 
 
 
Fig. 11:  fluid fall 
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Fig. 12: detail of the fluid in the reactor 
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4.1 Introduction to CFD Modeling 
Computational fluid dynamics or CFD allows the analysis of fluid systems and all things 
about them. Using CFD techniques, you can develop models of the system and 
through its virtual representation in which there are the chemical and physical 
parameters. The CFD methods allow the resolution, with computer simulation of 
different kind of problems such as one with liquid and gaseous flows. These kinds of 
problems can be in turbulent or laminar regime and with the transport of heat and 
matter, multiphase flows, chemical reactions, interactions between fluids and solid 
structures... 
This method has a lot of applications; it is used in the aeronautics and 
ships, chemical and process engineering, biomedical engineering, and many others 
fields. It has been useful to help the experimental proves and it could help to study the 
complex systems which normally are very expensive reproduction in the laboratory.  
The CFD simulations have a lot of advantages from experiments, especially with the 
time and economic resources. In the 60’s year they have begun to use CFD in the 
aviation industry. 
There are several commercial CFD codes (FLUENT, STAR-CD, CFX, PHOENICS and 
others), which are based primarily on the following three sections: 
• Pre-processing: characterization of the problem to be studied. It draws 
geometry of the domain of interest, it builds a grid appropriate for the resolution 
of the problem, insert the physical and chemical characteristics of the 
phenomenon, characterize the materials and define the boundary conditions. 
• Solving: solving equations that govern the system. The numerical methods, 
which are used to arrive at the convergence of the solution, are the method 
finite difference, with finite element and finite volume. 
• Post processing: analysis of simulation results. You can view the fluid properties 
of the field in the domain of interest, the trajectories of particles and study some 
particular variable at specific points in the domain. This part is developed in 
chapter IV.  
Figure 1 shows a general outline of a CFD code in which you can see the structure 
described. 
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Figure 13. General diagram of a CFD model (FLUENT 6.3. Users' Guide, 2006) 
 
The program used in this work is Fluent, one of the most popular CFD software. The 
construction of the grid was made in the pre-processing by an external program, whose 
name is Gambit. However, the post-processing is integrated in the main program: this 
makes the part of analysis very simple and immediately. 
 
4.2 Pre-processing: the grid 
The differential equations presented in previous sections describe the continuous 
motion of a fluid in space and time. For the numerical solution of those equations, all 
aspects of the process in question must be reformulated from continues to 
discontinuous form. In this process it is generated a grid appropriate for the study of the 
domain under investigation in a series of control volumes interconnected and it is 
defined by computational cells. 
Therefore, the geometry’s representation of the system studied and the choice of the 
type of grid, which is taken, are very important aspects of simulation. Fluent uses as a 
technique to study the equations’ method to finite volume: the grid, therefore, should be 
divided into a number of volumes of control. The quantity of these volumes and their 
geometry influence in the solution.  
It should be known that the best case is when the number of volumes, in which the grid 
is divided, are the biggest possible to specify the solution. However, it must be taken 
into account the fact that with the introduction of the grid can increase the 
computational complexity; it becomes very heavy from the computational and time 
aspects.  
There are several types of grids that differ depending on the geometry and the 
arrangement of cells within them. They can be structured or unstructured hybrid. 
Figure 2 shows the geometry of the cells used for the construction of the mesh. 
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Figure 14. Types of elements that make up the cells of a computational grid in a 2D domain 
(triangles and quadrilaterals) and 3D (tetrahedra, prisms, pyramids and hexagonal). 
 
A structured grid consists of hexahedral or quadrilateral cells. This type of grid 
simplifies the programming task as the matrix of the system of equations, whose result 
is regular, so you get maximum efficiency in the resolution. It is used only when the 
geometry of the problem is very simple. 
An unstructured grid consists of tetrahedral or pyramidal-shaped cells that are usually 
used to represent complex geometries. The grids, which are unstructured, are more 
flexible than structured because they are not regular, the matrix system of algebraic 
equations is not diagonal, and this will increase the resolution time. 
The hybrid grids consist of cells mixed form and they are unstructured. The mesh is 
constructed with the grid and it will depend on the geometry and the kind of problem 
that will be analyzed. His choice must also take into account three parameters: 
1) Time set-up: 
It is the time required for the simulation program to get to the convergence of 
solution. In many engineering problems the geometries, that can be 
represented, are very complex. The use of structured grids can be either too 
long or impossible. Therefore, it is necessary using unstructured grids or hybrid. 
If the geometry is simple can be used both types of grid. 
2) Computational cost: 
The computational cost depends on the complexity of the calculation and 
therefore the quantity of cells that make up the grid. For problems with complex 
geometries tend to be used unstructured grids, especially in regions which are 
interested. The structured grids must be uniform, so if a part being tested 
requires special attention it will need a big grid. 
This is the fact that causes a strong increase in computational cost and it is 
difficult to arrive at convergence of the numerical solution. 
3) Numerical diffusion: 
This is a problem whose effects are reduced by the second order in Fluent.  
However its effects are still considered to be similar to increased coefficients 
which govern the transport by diffusion. The numerical diffusion is a 
phenomenon that appears when the system to be simulated is controlled by 
convection, above all for low values of diffusion. 
The choice of the mesh is very important because we can get a reduction of this 
problem with a proper refinement of the grid. The numerical diffusion is also 
minimized when the flow is aligned with the cells.  
In the case where the cells are of tetrahedral or pyramidal shape can never 
occur alignment with the flow, but that can happen in the case of quadrilateral 
or hexahedral cells, but only if the geometry is very simple. In this case, the 
problem with the geometry in the grid was the convergence. 
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In general, the density of cells in a computational grid must be fine enough to 
see in detail the phenomenology of the flow. 
A problem described by a large number of computational cells requires 
considerably more time resolution. 
In this case, it is used 16750 cells for the reactor with 4 holes and 18000 cells 
for the 7 holes. In the following pictures we can see two types of grid which are 
used. 
 
 
 
 
 
 
 
 
 
Figures 15 and 16. Quadrilateral cells for the reactor with 4 holes 
 
 
 
 
 
 
 
 
 
 
1.5 cm 
3.5 cm 
2 cm 3 cm 
Inlet 
Outflow 
0.7 cm 
1 cm 1.75 cm 
1.5 cm 
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Figures 16 and 17. Pyramidal cells for the reactor with 7 holes 
It is shown that the reactor with 4 holes has less cells than the reactor with 7 holes, 
therefore, in the short reactor the time set-up is lower. 
 
4.3 Implementation of the model in Fluent CFD 
The model implemented in Fluent is based on four basic equations: 
 
• The equation of conservation of mass or continuity equation: 
 
 
It is written in general form and is valid for compressible and incompressible 
flows.  
The Sm is a term that is added in the case of multiphase flows. The vector v is 
the velocity of flow. The first term of the equation describes the rate of variation 
of the mass and the second represents the change in mass due to convective 
flows. 
• The equation of conservation of momentum or Navier-Stokes is written for a 
non-inertial reference system in vector form: 
 
 
where p is the static pressure, ρg and F are respectively the gravitational forces 
and forces resulting from external factors and      is the stress tensor expressed 
by:  
 
 
Being μ the dynamic viscosity of the fluid and I the unit tensor. The second term 
in the second member of the equation describes the effects of volume 
expansion. 
The equation is written in vector form and is equivalent to three equations, one 
for each direction of flow. 
• The volume fraction equation; is an equation of continuity for the volume 
fraction for one or more phases. This is very useful to trace the interface 
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between 2 phases (in this case, air and liquid). For the q phases, this equation 
has the following form: 
 
Where αp indicates the volume fraction on the q-phases,  represents the 
transfer of matter from phase q to phase p and          from phase p to phase q. 
The source term Sαp is in Fluent the default and it is equal to zero, but you can 
specify a constant or a function that you express it differently for each phase. 
The volume fraction equation is solved for the primary phase (in this case air), 
for which the corresponding volume fraction is calculated by the following 
expression: 
 
 
 
• The equation of transfer of matter, through which Fluent calculates the mass 
fraction of each species, Yi, can be solved by an equation of Convection-
diffusion for each species in the system. It has the following expression: 
 
 
where Ri is the net production rate of the species through one or more chemical 
reactions that occur in the system. This equation is solved for N-1 species, 
where N is the total number of species present in the system. The N-th mass 
fraction will be determined as: 
 
 
In addition, to minimize the numerical errors, it is good selected as the N-th 
species in the system with a greater fraction weight. The term indicates the 
flow of matter that occurs in the system, it is heavily dependent on the type of 
flow regime, and in particular: 
 
- Laminar flow conditions: · indicates the flow due to the diffusion of the 
species concentration gradient in the system. In the basic model of Fluent, it is 
33 
 
assumed dilute concentrations, according to which the diffusive flux can be 
written as: 
 
Where   is the diffusion coefficient for each species.  
If the approximation of dilute concentrations is not possible in the system 
considered, it will be necessary to use the Stefan-Maxwell equations by 
choosing an appropriate model (Multicomponent Diffusion)  
 
- Turbulent flow conditions: ·  is calculated by Fluent in the following way: 
 
 
Where Sct is the number of Schmidt, and its expression is: 
 
μt is the turbulent viscosity and Dt the turbulent diffusivity. The Schmidt number 
calculates the diffusion of momentum and matter due to the turbulence and its 
value is close to the unity in all turbulent flows. Not being sensitive to the 
molecular properties of the fluid, it is well to consider its value constant and 
equal to the assumed default of 0.7 by Fluent. 
The turbulent diffusion generally makes a contribution to the transfer of matter 
due to the laminar diffusion. Therefore in the turbulent flows you do not need to 
specify in detail the properties of laminar distribution. 
 
4.4 Turbulence models 
The transition from laminar to turbulent flow occurs when the Reynolds number 
exceeds a critical value. For example, in a two-dimensional turbulent flow happens that 
the variables of interest, are not just functions of x and y coordinates, also they depend 
on the coordinate z and time. 
The turbulent flows are, therefore, characterized by fluctuations of the velocity field. 
There has been a mixing of the transported quantities such as momentum, energy and 
concentration of species.  
The Reynolds number is a dimensionless number which can relate the forces of inertia 
to the viscous or the convection time to the diffusion time. 
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Where V is the velocity of fluid, L is the length and   v= /   is a kinematic viscosity.  
In a turbulent regime, the inertial forces are larger than the viscous forces, so the 
viscous diffusion is nothing compared to convective transport. 
The turbulence can be considered a positive factor in some cases, in others it is not 
desirable. Generally in all processes involving heat transfer and chemical reactions, it 
is considered a positive phenomenon and convenient. 
There are several numerical methods to study the turbulence that can be grouped into 
three main classes (Figure 3): 
• DNS (Direct Numerical Simulation): the Navier-Stokes equations are solved 
without any additional model of turbulence, so the equations must be solved 
throughout the domain of time and space, using a sufficient resolution to 
capture all scales of turbulence, from the smallest to largest. This method is not 
used to solve industrial problems CFD. It is used, in fact, for simple geometries 
and when Reynolds numbers are not too high, like for low turbulence. 
 
• LES (Large Eddy Simulation): is based on the fact that only the larger vortex 
structures are generally dependent on the flow, however, the smaller are 
independent and their behavior is in the same way all time. Therefore it is useful 
to solve the equations for the larger scales and for the smaller ones you can 
create special models. 
 
• RANS (Reynolds Averaged Navier-Stokes): in this case the resolution of all the 
turbulence models is carried out and the Navier-Stokes equations are used only 
for the resolution of time-averaged quantities.  
 
In this experience we use this method whose name is K-ε model and especially 
the standard one; 
The K-epsilon model is one of the most common turbulence models, although it just 
doesn't perform well in cases of large adverse pressure gradients. It is a two equation 
model that includes two extra transport equations to represent the turbulent properties 
of the flow. This allows a two equation model to account for history effects like 
convection and diffusion of turbulent energy.  
The first transported variable is turbulent kinetic energy, . The second transported 
variable in this case is the turbulent dissipation, . It is the variable that determines the 
scale of the turbulence, whereas the first variable, , determines the energy in the 
turbulence.  
There are two major formulations of K-epsilon models. That of Launder and Sharma is 
typically called the "Standard" K-epsilon Model. The original impetus for the K-epsilon 
model was to improve the mixing-length model, as well as to find an alternative to 
algebraically prescribing turbulent length scales in moderate to high complexity flows.  
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The K-epsilon model has been shown to be useful for free-shear layer flows with 
relatively small pressure gradients. Similarly, for wall-bounded and internal flows, the 
model gives good results only in cases where mean pressure gradients are small; 
accuracy has been shown experimentally to be reduced for flows containing large 
adverse pressure gradients. One might infer then, that the K-epsilon model would be 
an inappropriate choice for problems such as inlets and compressors.  
  
 
Figure 17. Scale Turbulence (lessons FLUENT  6.3,2000) 
To model the turbulence, the instantaneous variables, like velocity, are divided into an 
average and fluctuating component. For the generic variable ui(x,t), you have, then: 
ui(x,t) = Ui(x,t) + ui’(x,t) 
Where Ui(x,t) e ui’(x,t) are respectively the average and fluctuating component. 
 
4.5 The VOF model 
The VOF model is applied in the presence of two or more immiscible phases and 
between them, a clear and defined interface appears and this case appears in this 
experience. The tracking of the interface is done by the resolution of a continuity 
equation for the volume fraction of one or more phase’s fluid. At each stage in the 
system, is a variable to be determined: the volume fraction of phase in computational 
cell. In each control volume must be the sum of all the volume fractions of phases and 
this sum must be equal to 1. Calculated variables and volumetric properties of stages 
represent average values based on the volume fraction present in each computational 
cell. 
Therefore, each value, which is calculated by VOF model, refers a phase or it is 
representative of a pure mixture of phases, depending on the values of volume 
fractions on the cell considered. In other words, if you indicate with αq the volume 
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fraction of phase present in the domain qima examination, then the following three 
conditions are possible: 
 
 αq = the computational cell is free of qima phase 
 αq = the computational cell is full of qima phase 
 0 < αq < 1; the computational cell present an interface between qima phase and 
one or more phase. 
 
The VOF model is not suitable in applications where the length of the interface is small 
in the computational domain considered. The main applications of the VOF model are: 
 
 Jets of fluid 
 Movement of large bubbles in a liquid 
 Motion of a falling liquid 
 Tracking of any liquid-gas interface → in the model developed, the use of the 
VOF was necessary to trace the interface between the liquid film and the air 
currents above this. 
 
 
 
 
 
 
 
 
 
 
 
 
 
37 
 
 
 
 
 
 
 
CHAPTER IV: 
Post processing: 
analysis of 
simulation results 
 
 
 
 
 
 
 
 
38 
 
4.1. Analyzed cases 
In this experiment, it can be shown different flow rate with different angle in the reactor, 
then it will be decided which is the best option in terms of recirculation to obtain more 
photosynthetic efficiency and therefore more biomass. 
 
Flow rate Holes Degrees 
250 l/h 4 7.60 
250 l/h 7 7.60 
450 l/h 4 7.60 
450 l/h 7 7.60 
250 l/h 4 100 
450 l/h 4 100 
350 l/h 4 100 
Table 6. Analyzed cases 
 
4.2. Results of the cases 
 
1st case (base case): 250 l/h with 4  holes and 7.6º 
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Figure 18. Contourns of 250 l/h, 4 holes and 7.6º 
 
 
 
 
 
 
 
 
Figure 19. Pathlines of 250 l/h, 4 holes and 7.6º 
 
2nd case: 250 l/h with 7 holes and 7.6º 
 
Figure 20. Contourns of 250 l/h, 7 holes and 7.6º 
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Figure 21. Pathlines of 250 l/h, 7 holes and 7.6º 
 
In the following table it is shown the results which are obtained in two first cases: 
 Surface of 
recirculatory cross-
sectional area 
 
Hole 
(cross-
sectional 
area) 
Percentage of 
recirculation 
Perimeter of 
recirculation 
250 l/h with 4 holes and 
7.6º 
9.6 cm2 43.9 cm2 22 % 8 cm 
250 l/h with 7 holes and 
7.6º 
4.4 cm2 9.62 cm2 44 % 3.68 cm 
Table 7. Results of the two first cases 
As we can see the percentage is halved because the hole (cross-sectional area) is 
double when the reactor has 4 holes, therefore if both of them have the same 
percentage of recirculation and the reactor with 4 holes is composed by less cells (as 
we can see in the chapter III), the reactor with 4 holes, 250 l/h and 7.6º will be the base 
case. 
Therefore, it will be important to show period in this case, when the velocity is 
maximum. 
Firstly, an estimation of the vmax is calculated on the convex side of the hole by 
Reynolds. 
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Furthermore, the vmax is calculated by velocity profile to obtain the period in this flow 
 
 
 
 
 
 
 
 
Figure 22. line velocity profile 
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    Figure 23. Graphic of velocity profile 
 
As we can see the maximum value of the velocity is 0.3 m/s by velocity profile and by 
Reynolds. 
 
 
Figure 24. Pathlines of velocity profile 
 
Vmax ≈ 0.32 m/s 
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And the velocity profile is: 
 
 
 
 
 
Figure 25. Velocity gradient 
 
And the period with the Vmax is                sT 25.0
32.0
08.0
==   
Results of the period: 
 
 By Reynolds By veloc. prof 
Period 0.24 0.25 
 
Table 8. Results of the period 
 
3rd case: 450 l/h with 4 holes and 7.6º 
 
 
 
 
 
 
 
 
 
 
x 
+ 
- 
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Figure 26 and 27. Countourns and Pathlines (with the detail of recirculation) with 450 l/h, 4 
holes and 7.6º 
 
 
 
In the following table it is shown the results which are obtained in this case: 
 Surface of 
recirculatory cross-
sectional area 
 
Hole 
(cross-
sectional 
area) 
Percentage of 
recirculation 
Perimeter of 
recirculation 
450 l/h with 4 holes and 
7.6º 
2.6 cm2 43.9 cm2 5.88 % 8.33 cm 
 
Table 9. Results of reactor with 450 l/h, 4 holes and 7.6º 
 
4st case: 450 l/h with 7 holes and 7.6º 
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Figures 28 and 29.Contourns and Pathlines of the reactor with 450 l/h, 7 holes and 7.6º 
 
In the following table it is shown the results which are obtained in this case: 
 Surface of 
recirculatory cross-
sectional area 
 
Hole 
(cross-
sectional 
area) 
Percentage of 
recirculation 
Perimeter of 
recirculation 
450 l/h with 7 holes and 
7.6º 
0.38 cm2 9.62 cm2 3.95 % 1.5 cm 
 
Table 10. Results of the reactor with 450 l/h, 7 holes and 7.6º 
 
5st case: 250 l/h with 4 holes and 10º 
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Figure 30. Contourns of 250 l/h, 4 holes and 10º 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figures 31 and 32. General and detail Pathlines of 250 l/h, 4 holes and 10º 
 
And the results are: 
 
 Surface of 
recirculatory cross-
sectional area 
 
Hole 
(cross-
sectional 
area) 
Percentage of 
recirculation 
Perimeter of 
recirculation 
250 l/h with 4 holes and 
10º 
8.88 cm2 43.98 cm2 20.19 % 8.8 cm 
Table 11. Results of 250 l/h, 4 holes and 10º 
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6st case: 450 l/h with 4 holes and 10º 
 
 
 
 
 
 
 
 
 
 
 
Figure 33. Contourns of 450 l/h, 4 holes and 10º 
 
There isn’t any recirculation 
 
7st case: 350 l/h with 4 holes and 10º 
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Figure 34. Contourns of 350 l/h, 4 holes and 10º 
 
There isn’t any recirculation 
 
It is important to show one table in which there are the results to obtain conclusions 
about the experiment. 
 
4.3. Results of the experiment 
 
Flow rate Holes Angle Recirculation Percentage of 
recirculation 
250 4 7.6 Yes 22 % 
250 7 7.6 Yes 44 % 
450 4 7.6 Yes 6 % 
450 7 7.6 Yes 4 % 
250 4 10 Yes 21 % 
450 4 10 No  
350 4 10 No  
 
Table 12. Results of the experiment by Fluent 
 
As we can see, the conditions to obtain more recirculation is when the reactor has 250 
l/h and the angle is 7.6º, therefore we can obtain more photosynthetic efficiency and 
consequently more biomass growth.  
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4.4.  Conclusions 
 
1) The angle of the photobioreactor can affect the recirculation. 
 
2) The maximum velocity of fluid in the photobioreactor is approximately 0.3 
m/s and consequently the period in this flow is 0.24s. 
 
3) Reynolds and velocity profile coincide in maximum velocity. 
 
4) The best case to obtain more recirculation is when the photobioreactor 
has 250 l/h and 7.6º, because it can obtain more photosynthetic 
efficiency and consequently more biomass growth.  
 
5) Recirculation is affected by flow rate 
 
6) There are two cases in which there isn’t any recirculation, when the angle 
is 10º and flowrate is 350 l/h or 450 l/h. 
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